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osting by E
cense.Abstract The kinetics of amide bond cleavage of isatin and N-methylisatin in the presence of N,N-
dimethylacetamide (DMA) was followed spectrophotometrically in the range of solvent composi-
tion (0–48.53 wt.%) and temperatures (40–70 C) using piperidine as a nucleophile. The reaction
was studied under pseudo-ﬁrst-order kinetics. The rate of the reaction decreases largely with
increasing organic solvent content. The thermodynamic activation parameters were calculated
and discussed in terms of solvation of the activated complex. No linearity was observed between
log rate constant and the reciprocal dielectric constant for the solvent used suggesting that there
is a selective solvation by higher polar solvent (water). Finally, a mechanism for the ring opening
for isatin and N-methylisatin was proposed.
ª 2010 King Saud University. Open access under CC BY-NC-ND license.1. Introduction
Isatin is an endogenous indole (Pandeya et al., 2005; Usami
et al., 2001; Mourga and Saini, 1998), possesses a wide range
of physiological effects and biological activities including anti-
bacterial, antifungal (Cerchiaro and Ferreira, 2006). In human(R.F. Radman).
ity.
lsevierit presents in the central nervous system and has a distinct
distribution in brain. Its level in brain are increased by the
anxiogenic agent, it has a range of action in the brain such
as mono amine oxidase (MAO) inhibitor and it selectively
inhibits (MAO) B (Glover et al., 1998). It is also widely used
in analytical chemistry as reagent and chelating agent towards
metal ions. Isatin and its derivatives can be used in organic
synthesis for synthesis of a large variety of hetero cyclic
compounds (Joaquim et al., 2001). Little attention was given
to the effects of the co-solvents on the kinetics of the base
hydrolysis of isatin (Ismail, 1992; Samarkandy et al., 1996,
1997; Abu-El-Nader and Moussa, 1996; Ismail and Zaghloul,
1998; Ismail et al., 2002a,b; Fathalla and Ismail, 2006). As
an extension of these studies, we present here the kinetics of
base hydrolysis of both isatin and N-methylisatin investigated
in a wide range of solvent composition and temperatures.
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2.1. Materials
Isatin m.p. (203 C), Piperidine and DMA of high purity were
obtained from (B.D.H). N-methylisatin m.p. (130 C) was pre-
pared by methylation of isatin (Fathalla and Ismail, 2006).
Doubly distilled water was used throughout.
The spectra of isatin and N-methylisatin in H2O were re-
corded on (Hekios a) spectrophotometer at 25 C, a maximum
absorption observed at 300 nm for isatin and at 304 nm for N-
methylisatin. Solutions containing piperidine revealed new
maxima at 368 nm for isatin and 396 nm for N-methylisatin
in H2O and in all percentages of DMA–water mixtures indicat-
ing that the organic solvent has no interference on the reaction
products. The bathochromic shifts, which occur at 368 nm for
isatin and 396 nm for N-methylisatin were selected to follow
the reaction progress with time.
2.2. Kinetic measurements
The rates of amide bond cleavage of isatin and N-methylisatin
were carried out under pseudo-ﬁrst-order conditions in which
piperidine concentration was66 times excess that of substrate.
One milliliter of substrate in H2O and the speciﬁed amount of
DMAwere added in ﬂask and 2 ml of piperidine is added in an-
other ﬂask. The tow ﬂasks were thermostated separately at the
desired temperature using a Raypa thermostate. The tempera-
ture was controlled up to±0.1 C.When the two separate solu-
tions have attained thermal equilibrium, mixing was made
quickly and thoroughly. The initial concentrations of the
substrate and piperidine after mixing were 3 · 104 M and
2 · 102 M, respectively. Part of the reaction mixture was then
transferred into a thermostated 1 cm quartz cell. The process of
mixing and transferring the solution into the cell did not exceed
1 min. The pseudo-ﬁrst-order rate constants were calculated
from the slope of the linear plot of ln[A1/(A1–At)] versus time
t, where At and A1 represent absorbance at time t and inﬁnity,
according to the ﬁrst-order rate equation.
3. Results and discussion
3.1. Variation of rate constant with chemical structures and
solvent composition
The rate of amide bond cleavage of isatin and N-methylisatin
has been measured in DMA–water media of solvent composi-
tion (0–48.53 wt.%) at the temperature range (40–70 C). The
values of pseudo-ﬁrst-order rate constant were determined from
the slope of ln(A1–At) vs. time as shown from Figs. 1 and 2, the
pseudo-ﬁrst-order rate constants were calculated from the aver-
age of duplicate determinations. Plots of ln kobs against the re-
ciprocal of absolute temperature were linear. The activation
energies and ln A (A is the frequency factor) were computed
for each composition from the linear least-square Arrhenius
plots. Table 1 collects the obtained values of the rate constant
and the activation energies under different experimental condi-
tions. From the data in Table 1 it is clear that kobs is decreasing
with the progressive addition of solvent and over the entire
range of the composition and this can be attributed tomany fac-
tors (Ismail and Zaghloul, 1998; Ismail et al., 2002a,b):1. The decrease in water concentration on successive addition
of DMA.
2. The decrease in the fraction of the free water molecules due
to the fact that addition of solvent causes the water tetrahe-
dral structure (Ismail and Zaghloul, 1998) to be gradually
broken by interposition of organic solvent molecules, and
hydrogen bonding between water molecules replaced by
hydrogen bonding between water and solvent molecules.
3. Addition of DMA to water lowers the dielectric constant of
the medium. Thus, from an electrostatic point, a rate
decrease might be expected because of destabilization of
the polar transition state when the bulk dielectric constant
is lowered by successive addition of DMA.
The magnitude of the pseudo-ﬁrst-order rate constant of
the alkaline hydrolysis of isatin and N-methylisatin is a mea-
sure of the reactivity towards the alkali. The observed decrease
in rate constant for the hydrolysis of N-methylisatin relative to
the unsubstituted isatin may be attributed to the differences in
the chemical structure. From the inductive effect point of view,
the methyl group should give the nitrogen atom in the N-
substituted isatin more basicity and most enhance the reaction
rate. However, on the contrary, the rate was found to be less
and this may be attributed to the bulky methyl group which
makes it difﬁcult for an incoming nucleophile to approach
the carbonyl group closely enough to react (Samarkandy
et al., 1997).
Comparing the data in Table 1 with those obtained previ-
ously (Samarkandy et al., 1996) for the same reaction in meth-
anol–water and acetonitrile–water shows that the rate is in the
order:
water–acetonitrile > water–methanol > water–DMA
The second order rate constant k2 values are represented in
Table 2. This signiﬁcant difference in rate constant of the reac-
tion could be attributed to the differential competition of
water molecules between the substrate and the organic co-
solvent.
Since the activated complex is charged, two things must be
taken into account:
1. The increase of solvent polarity will results in an increase in
the reaction rate. The order of increase solvent polarity is as
follows:
DMA > acetonitrile > methanol
The large size of DMA will destabilize the transition state
though it has the highest polarity and thus the rate was
the slowest, and the reaction rate in acetonitrile is the high-
est because it is more polar than the used alcohol.
2. The increase in the reaction rate will be much faster in dipo-
lar non-HBD (acetonitrile) solvents than protic solvent
(methanol) because the activated complex will be much
more solvated via hydrogen bonding in protic solvent.
3.2. Variation of transition state parameters with solvent
composition
The activation free energy DG*, the activation enthalpy DH*
and the activation entropy DS* were calculated by least-square
procedure program, and the values with their standard
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Figure 1 Pseudo-ﬁrst-order plots for the basic hydrolysis of isatin in DMA–water mixtures at 50 C.
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parameters with the mole fraction of DMA v2 was depicted in
Fig. 3. The variation of DH* and DS* with solvent composi-
tion is non-linear relationship, an indication of speciﬁc solva-
tion effects (Ismail, 1992). The proﬁle of the curves obtained
predicts that a compensation effect may exist between DH*
and DS*, it is seen that both DH* and DS* curves pass through
a minimum at v2 = 0.05 in the case of isatin which nearly close
the region given by the excess partial molar volume ðVEI Þ with
the same solvent mixture (Scharlin and Steinby, 2003). There is
also a maximum at v2 = 0.02 and abroad one at v2 = (0.08–
0.11) in the case of isatin, in the case of N-methylisatin there
is a minimum at v2 = 0.08 and maxima at v2 = 0.02 and
0.11, the maxima or minima correspond to general changes
in physical properties of the same solvent mixture.
The possible structural changes in DMA–water mixtures
relative to v2 are clariﬁed as follows (Zaichikov, 2006; Takam-
uku et al., 2003):
(1) 0 < v2 6 0.1 the tetrahedral structure of water predom-
inates in the mixture and the number of hydrogen bondsare constant. At very water-rich end of the mole fraction
scale v2  0.08 there is a break down of water structure
when small amounts of DMA are added to pure H2O,
where as further addition of DMA makes the internal
structure of aqueous DMA mixture more and more sta-
bilized by hydrogen bonds between compounds.
(2) 0.1 < v2 6 0.4 the mixture have an intermediate struc-
ture between that of pure DMA and that of pure water,
as the DMA concentration increases the structure of
water is gradually decrease.
(3) 0.4 < v2 6 0.6 the structure of the mixture is compara-
ble to that of pure DMA rather that for pure water.
(4) 0.6 < v2 6 1 where the composition is similar to the
pure DMA state, and water is preferably dispersed into
individual monomer molecules and as a part of hetero-
associates H2OÆDMA complexes.
Furthermore, the negative values of the entropy of activa-
tion support the formation of highly restricted transition state.
The strong electrostriction developed in the activated state
restricts the freedom of motion of solvent molecules in the
0%
y = -1.478E-01x + 3.348E+00
R2 = 9.936E-01
0
1
2
3
4
0 2 4 6 8 10
t(min)
3+
ln
(A
∞
-
A
)
9.48%
y = -5.143E-02x + 2.329E+00
R2 = 9.828E-01
0
0.5
1
1.5
2
2.5
3
0 5 10 15 20 25
t(min)
2+
ln
(A
∞
-
A
)
19.08%
y = -1.741E-02x + 1.313E+00
R2 = 9.891E-01
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 10 20 30 40
t(min)
1+
ln
(A
∞
-
A
)
28.78%
y = -3.764E-03x + 1.033E+00
R2 = 9.908E-01
0
0.2
0.4
0.6
0.8
1
1.2
0 20 40 60 80
t(min)
1+
ln
(A
∞
-
A
)
38.59%
y = -7.226E-04x + 7.3423E-01
R2 =9.4145E-01
0
0.2
0.4
0.6
0.8
1
0 100 200 300
t(min)
1+
ln
(A
∞
-
A
)
48.53%
y = -4.355E-04x + 6.190E-01
R2 = 9.955E-01
0
0.2
0.4
0.6
0.8
0 100 200 300
t(min)
1+
ln
(A
α
-
A
)
Figure 2 Pseudo-ﬁrst-order plots for the basic hydrolysis of N-methylisatin in DMA–water mixtures at 50 C.
Table 1 Pseudo-ﬁrst-order rate constant (104 · kobs s1), Ea activation energy and frequency factor A for the alkaline hydrolysis of:
(1) isatin, (2) N-methyl isatin, in water–DMA mixtures.
t (C) wt.% DMA
0 9.48 19.08 28.78 38.59 48.53
(1)
40 C 39.01 13.74 4.20 1.41 0.61 0.41
50 C 64.05 18.65 5.99 2.59 0.80 0.55
60 C 89.03 24.59 7.09 3.04 1.21 0.77
70 C 101.77 38.82 9.20 4.57 1.83 0.99
Ea (kJ mol
1) 28.88 ± 4.54 30.30 ± 2.98 22.56 ± 1.97 33.05 ± 4.90 33.12 ± 2.92 26.91 ± 0.84
ln A 5.62 ± 1.67 5.01 ± 1.10 0.92 ± 0.72 3.90 ± 1.80 2.96 ± 1.07 0.22 ± 0.31
(2)
50 C 24.64 8.57 2.90 0.63 0.12 0.07
55 C 32.12 10.89 3.48 0.77 0.16 0.08
60 C 41.88 14.67 4.78 0.86 0.17 0.09
65 C 48.14 17.41 5.02 0.94 0.20 0.10
70 C 50.92 19.08 5.54 0.99 0.21 0.11
Ea (kJ mol
1) 34.42 ± 4.71 38.30 ± 3.85 30.74 ± 4.72 20.82 ± 2.77 25.29 ± 4.13 21.80 ± 2.17
ln A 6.86 ± 1.70 7.23 ± 1.39 3.33 ± 1.71 1.88 ± 1.00 1.85 ± 1.49 3.74 ± 0.78
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Table 3 Thermodynamic data of: (1) isatin, (2) N-methyl isatin in water–DMAA mixtures.
v2 for DMA
0 0.02 0.05 0.08 0.11 0.16
(1) Thermodynamic parameters at 25 C
DH* (kJ mol1) 26.40 ± 4.54 27.82 ± 2.98 20.08 ± 1.97 30.57 ± 4.90 30.64 ± 2.92 24.43 ± 0.84
DS* (J mol1 K1) 206.48 ± 13.86 211.58 ± 9.11 245.58 ± 6.01 220.82 ± 14.95 228.62 ± 8.91 251.39 ± 2.56
DG* (kJ mol1) 87.96 ± 8.67 90.90 ± 5.70 93.30 ± 3.76 96.40 ± 9.36 98.80 ± 5.57 99.38 ± 1.60
(2) Thermodynamic Parameters at 25 C
DH* (kJ mol1) 31.94 ± 4.71 35.82 ± 3.85 28.26 ± 4.72 18.34 ± 2.77 22.81 ± 4.13 19.29 ± 2.17
DS* (J mol1 K1) 196.16 ± 14.15 193.11 ± 11.56 225.50 ± 14.18 268.85 ± 8.33 268.64 ± 12.41 284.34 ± 6.50
DG* (kJ mol1) 90.43 ± 8.93 93.40 ± 7.29 95.50 ± 8.95 98.50 ± 5.26 102.91 ± 7.83 104.07 ± 4.10
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Figure 3 Dependence of thermodynamic parameters of activa-
tion on the mole fraction of DMA–water mixtures. (1) Isatin, (2)
N-methylisatin.
Table 2 Experimental second order rate constants k2 · 102 (l mol1 s1) of the reaction of isatin with piperidine in water–DMAA,
water–methanol and water–acetonitrile mixed solvents.
Ref. Water + co-solvent v/v%
10% 20% 30% 40% 50%
This work Water–DMA 6.87 2.1 0.71 0.31 0.21
Samarkandy et al. (1996) Water–methanol 7.88 3.29 1.49 0.71 0.33
Samarkandy et al. (1996) Water–acetonitrile 12.78 5.17 2.27 1.06 0.53
Kinetics of the alkaline hydrolysis of isatin and N-methylisatin 227neighborhood of the activated species and causes loss of entro-
py. The isokinetic temperature b value 159 K was calculated
from the slope of DH* versus DS* Fig. 4, b value is less than
the experimental temperature range (313–343 K) which indi-
cates that the reaction is entropy controlled, on the other hand,
DG* increases smoothly with increasing mole fraction of
DMA, a behavior which gives a good indication of the pro-
nounced solvation of reactants in water–DMA medium. DG*
values for N-methylisatin were always higher than DG* in
the case of isatin and consequently the rate of isatin is higher
than N-methylisatin. This observation can be discussed as
the steric strain generate in the transition state, the energy in-
crease and the DG* increase.
3.3. Effect of water concentration
As shown in Fig. 5 the plots of log kobs against log [H2O] at
different temperatures give straight lines up to 38.95 wt.%,
the slopes of these lines are 8.23 in the case of isatin and
10.72 in the case of N-methylisatin, conﬁrming the assumption0
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Figure 4 Variation of DH* with DS* for both substrates in
DMA–water mixtures.
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Figure 5 Variation of velocity constant with water concentra-
tion. (1) Isatin, (2) N-methylisatin in DMA–water mixtures.
228 R.F. Radman et al.that a large number of water molecules are involved in the acti-
vation process.
3.4. Variation of the rate constant with dielectric constant of the
medium
The electrostatic treatment of reaction rate suggested linear
relationship between log k and 1/e where e is the dielectric con-
stant of the medium. This treatment postulated a continuous
dielectric medium. In the present investigation the plot of log
k against 1/e revealed non-linear relationship for each sub-
strate over the whole range of solvent composition, Fig. 6,
where e values were calculated from reported data (Landlot
and Bo¨rnstein, 2008). This deviation from linearity may be
attributed to the large differential effect of solvent structure
which acting on the initial and transition state. This was shown
from the extension of the equation of Laidler and Landskro-
ener (1956) which allows for the changes in solvent structure
with varying solvent composition:
DGot ðTr:Þ  DGot ðIn:Þ or DGot ðIn:Þ  DGot ðTr:Þ
where DGot ðTr:Þ and DGot ðIn:Þ are the free energy of transfer of
the transition state and initial state, respectively.
3.5. Proposed reaction mechanism
The reaction of isatin and N-methylisatin with piperidine in
water takes place through the cleavage of the amide bondand formation of a ring-opened piperidinylisatimide (Samark-
andy et al., 1996). This ring opening is reversible and acidiﬁcat-
ion reforms isatin.
Changes in the UV spectrum with pH indicated that above
pH 6 the ring-opened form predominates (Casy et al., 1993).
Here in this investigation the pH  11.5 in all media for both
substrates.
The multi-step reaction mechanism for the piperodinoly-
sis of the substrates is proposed which would account satis-
factorily for both water dependence and effect of solvent on
reaction rate. This mechanism is similar to that proposed
earlier (Ismail et al., 2002b) and may be outlined in the
form:
N
C
C
O
R
O
x1 H2O
y1S
δδ
+ x2 H2O y2 S + n H2O
n S + N
C
C
O
O
N
(x1 + x2 + n)H2O
(y1 + y2 - n)S
T
T k3
slow
k2
k1
C
C
O
N
O +(x1+ x2 + n)H2ONHR
H
(I)
R
(y1 + y2 - n)S+
R=(H,CH3)
#
NH
Assuming that a steady-state concentration is attained in the
mixed solvent for intermediate T
T ¼ k1½I½pip½H2O
n
k2½Sn þ k3
And, the rate= k3[T]
rate ¼ k3k1½I½pip½H2O
n
k2½Sn þ k3
Since k3 k2, therefore k3 can be neglected and the above
expression becomes:
rate ¼ k1k3½I½pip½H2O
n
k2½Sn
Kinetics of the alkaline hydrolysis of isatin and N-methylisatin 229Thus, the rate varies directly with [H2O]
n and inversely with
[S]n and so the rate increase on increasing water and decreasing
solvent concentration.
The values of DE* and the large DS* negative values ob-
tained in our study are in excellent agreement with other
proposed for bimolecular mechanism (Elsemongy et al.,
1975a,b).
References
Abu-El-Nader, H.M., Moussa, M.N.H., 1996. Chem. Pharm. Bull. 44,
1641.
Casy, L.A., Glot, R., Page, M.I., 1993. J. Chem. Soc., Perkin Trans. 2,
23.
Cerchiaro, G.D., Ferreira, A.M., 2006. J. Baz. Chem. Soc. 17, 1473.
Elsemongy, M.M., Abu-Elamayem, M.S., Mousaa, M.N.H., Gouda,
M.M., 1975a. J. Ind. Chem. Soc. LII, 1130.
Elsemongy, M.M., Abu-Elamayem, M.S., Mousaa, M.N.H., 1975b. Z.
Phys. Chem. Neue. Folge. 94, 73.
Fathalla, M.F., Ismail, A.M., 2006. Ind. J. Chem. Sec. 45, 901.
Glover, V., Bhattacharya, S.K., Chakrabartia, A., Sandler, M., 1998.
Stress Med. 14, 225.
Ismail, A.M., 1992. Alex. J. Pharm. Sci. 6, 67.Ismail, A.M., Zaghloul, A.A., 1998. Int. J. Chem. Kinet. 30,
463.
Ismail, A.M., Harfoush, A.A., Abdel-Rahman, H.H., 2002a. Egypt J.
Chem. 45, 105.
Ismail, A.M., Harfoush, A.A., Abdel-Rahman, H.H., 2002b. Aﬁnidad.
Lix 497, 81.
Joaquim, F.M.D., Simon, J.G., Angelo, C.P., 2001. J. Baz. Chem. Soc.
12, 273.
Laidler, K.J., Landskroener, P.A., 1956. Trans. Faraday. Soc. 52, 200.
Landlot, Bo¨rnstein, 2008. Phys. Chem. 17 (IV/6), 58.
Mourga, V.K., Saini, T.R., 1998. Indian J. Pharm. Sci. 60, 253.
Pandeya, S.N., Sivakumar, S., Mayank, J., Sridhar, S.K., 2005. Acta.
Pharm. 55, 27.
Samarkandy, A.A., Al-Thabaiti, S., Hamed, E.A., Sidahmed, I.M.,
1996. Alex. J. Pharm. 10, 161.
Samarkandy, A.A., Al-Thabaiti, S., Sidahmed, I.M., 1997. Alex. J.
Pharm. Sci. 11, 121.
Scharlin, P., Steinby, K., 2003. J. Chem. Thermodyn. 35, 279.
Takamuku, T., Matsuo, D., Tabata, M., Yamaguchi, T., Nishi, N.,
2003. J. Phys. Chem. 107, 6070.
Usami, N., Kitahara, K., Ishikura, S., Nagano, M., Sakai, S., Hara,
A., 2001. Eur. J. Biochem. 268, 5755.
Zaichikov, A.M., 2006. J. Struct. Chem. 47, 73.
